The aim of this study was to assess endocrine disruptive effects in wild population of fish in 29 five French rivers selected to represent different pollution contexts at two seasons (summer 30 and fall). For that purpose, a panel of biometrical parameters (length, weight, gonado-somatic 31 index: GSI) and biochemical (ethoxyresorufin-O-deethylase: EROD, vitellogenin: VTG, brain 32 aromatase) and histological biomarkers (gonads histology) was used in chub (Leuciscus 33 cephalus), a common cyprinid fish species. In fish from the reference site, EROD activity and 34 VTG levels were low at the two seasons. Brain aromatase activities (AA) were similar to 35 other species and increased with increasing GSI and gonad maturation. Among the four 36 contaminated sites, the Jalle d'Eysines River was the most impacted site. At this site, fish 37 were exposed to estrogenic substances as demonstrated by the VTG induction in males and 38 the arrest of development of the gonads that led to lower brain AA compared to fish from the 39 reference site. In fish from other contaminated sites, EROD activity was induced as compared 40 to fish from the reference site and some males had elevated concentrations of VTG. 41 Moreover, the presence of aromatase inhibiting compounds was demonstrated in the 42 sediments of three contaminated sites, even if the precise nature of contaminants is not 43 known. This study provides new data concerning endocrine disruption in wild fish 44 populations inhabiting French rivers and demonstrates that measurements of in vivo and in 45 vitro aromatase could be used as biomarkers of endocrine disruption in field studies. 46 47
It has now been clearly established that a number of chemical compounds and natural 52 substances present in the aquatic environment are able to disturb the normal physiology and 53 endocrinology of organisms (Arukwe and Goksoyr, 1998; Sumpter, 1998) . These compounds 54 are known as endocrine disrupting chemicals (EDCs) and are of different origins. Among 55 them are natural and synthetic hormones, plant components, pesticides, compounds used in 56 the plastic industry and in consumer products, as well as industrial by-products (Lavado et al., 57 2004). All these EDCs could enter the aquatic environment via effluents or surface runoff, 58 and thus fish will inevitably be exposed. Several studies have documented reproductive 59 disorders and/or endocrine effects in different species of fish exposed to sewage treatment 60 works (STW) effluents or to pulp and paper mill effluents (Marshall Adams et al., 1992;  61 Munkittrick et al., 1998; Karels et al., 1999; Hecker et al., 2002) . However, the cause-effect 62 relationship is difficult to establish due to the complexity of the endocrine system and the 63 diversity of modes of action of the EDCs (Lister and Van Der Kraak, 2001) . 64 Despite this complexity, a great number of studies have described endocrine disruption in fish 65 from America, Canada, and Europe (for review see Jobling et al., 1998; Vos et al., 2000 ; 66 Jobling and Tyler, 2003) . Information on the status of French rivers regarding endocrine 67 disruption is quite scarce. Studies showed the presence of estrogenic compounds in effluents 68 (Balaguer et al., 1999) urban and industrialized pressure (Sanchez et al., 2008) . However, these studies are scarce 75 and to our knowledge, other alterations of the endocrine system have not been explored. 76 In this study, we investigated the potential alterations of the endocrine system and of the 77 xenobiotic metabolism in wild fish from different French rivers, one reference and four 78 contaminated sites that reflect different anthropogenic pressures (Table I) . Chub (Leuciscus 79 cephalus) was selected as a sentinel species due to its widespread distribution along the study 80 areas and because it is a common non-migratory freshwater cyprinid species that inhabits both 81 clean and polluted rivers (Flammarion and Garric, 1997) . A set of biometrical measurements 82 and biochemical biomarkers representing different biological functions were used to assess in 83 situ impacts of EDCs in fish. Physiological parameters such as length, weight and gonad 84 somatic index (GSI) were determined. Histological analysis of gonads was performed to 85 determine the sex and the maturation state of the fish. The biochemical biomarkers included 86 EROD activity (7-ethoxyresorufin-O-deethylase, a cytochrome P450 1A monooxygenase 87 activity) a biomarker of exposure to AhR (Aryl Hydrocarbons receptor) ligands such as 88 dioxins, polycyclic aromatic hydrocarbons (PAHs) and polychlorobiphenyls (PCBs) (Whyte 89 et al., 2000) , and plasmatic VTG in males, as a marker of exposure to xeno-estrogens 90 (Flammarion et al., 2000) . Vitellogenin is the yolk protein synthesized by the liver in females 91 that serves as food reserve for the developing embryos. In male fish, very few, if any, 92 vitellogenin can be detected. Although vitellogenin is normally not present in male fish, its 93 synthesis can be easily induced by estrogens in laboratory experiments (Brion et al., 2002) 94 and be used as a biomarker of estrogenic exposure in field studies (Sumpter and Jobling, 95 1995; Flammarion et al., 2000) . Additionally, the activities of brain cytochrome P450 96 aromatase, a key steroidogenic enzyme responsible for the irreversible conversion of 97 androgens to estrogens, were also measured in male and female fish. It is now known that 98 EDCs can affect aromatase expression and/or activity through different modes of action Hecker et al., 2007) . Additionally, the aromatase-inhibiting potency of sediments extracts 110 collected at the study sites was assessed in vitro in a rainbow trout in vitro microsomal 111 aromatase activity assay previously developed in our laboratory (Hinfray et al., 2006a) . To 112 achieve this goal, we first developed the VTG and the aromatase activity assays for chub and 113 checked their responsiveness and sensitivity after exposure to a model compound, 114 ethinylestradiol. Our aims were (i) to acquire data on endocrine disruption in male and female 115 fish from reference and contaminated French rivers, (ii) to assess pathways of endocrine 116 disruption other than VTG synthesis perturbations to extend fish exposure assessment to non 117 estrogenic substances, (iii) to determine the extent to which aromatase could be a sensitive 118 biomarker for field studies. Laboratory exposure to EE2 123 To validate chub VTG and aromatase activity assays, we exposed fish to a model endocrine 124 disrupting compound, ethynilestradiol (EE2), as a typical inducer of VTG synthesis and brain 125 aromatase activities. Chub VTG assay 173 A homologous competitive ELISA assay was specifically developed to quantify VTG in chub 174 plasma. For that purpose, VTG was purified from E2-induced chubs according to Brion et al. 175 (2000) and polyclonal anti-chubVTG antibodies were raised in rabbits as previously described 176 (Brion et al., 2002) . Specificity of the anti-chubVTG antibodies was verified and an 177 homologous chub VTG competitive ELISA assay was developed and validated according to Brain homogenates were centrifuged (10,000 g, 20 min, 4 °C) to obtain S9 fractions. Total 193 protein concentrations of the S9 fractions were determined using bovine serum albumin 194 (Sigma-Aldrich, France) as a standard (Bradford, 1976) . 195 The AA was measured as the specific release of tritiated water accompanying the conversion Analysis of biometric parameters of male chub exposed to 50 ng/L EE2 for 21 days revealed 257 no difference compared to the control males, while exposed females had lower length, weight 258 and GSI values when compared to the control females (Table 2 ). In control chub, VTG 259 concentrations ranged between 500 and 8400 ng/ml for males and between 0.6 and 25 µg/ml 260 for females. Exposure to EE2 induced VTG synthesis around 13000 and 7500 fold in males 261 and females, respectively ( Table 3) . Concentrations of VTG in EE2 exposed fish get from 262 23243 to 36128 µg/ml. Brain AA were also induced by exposure to EE2. Brain AA were 263 about 4-fold and 2.6-fold higher in exposed males and females chub respectively compared to 264 control chubs (Table 3) . EROD activities were strongly inhibited in both male and female 265 chubs (Table 3) . Overall, these results showed the suitability of the biochemical assays 266 established for chub and the responsiveness of this fish species to a model EDC. Figure 1A) . In the fall, females were at the primary oocyte stage (33 %) and early 290 vitellogenic stages (67 %) ( Figure 1B) . Males sampled in the summer in the reference site 291 were all mature (spermatozoids stage) ( Figure 1C ). In the fall, all males had gonads at the 292 spermatogonies or spermatocytes stages ( Figure 1D ). In the reference site, fish were clearly at 293 different stages of gonad development between summer and fall. 294 In the summer, all contaminated sites, except the Jalle river, had a majority of females in 295 vitellogenesis (early or advanced vitellogenesis) ( Figure 1A) . On the contrary, females from 296 the Jalle d'Eysines River were predominantly at the primary oocyte stage. In the fall, females 297 were essentially at the primary oocytes stage in the Jalle d'Eysines River while females from 298 the three other contaminated sites had a high proportion of advanced vitellogenic stages 299 ( Figure 1B) . The arrest of gonad development in fish from the Jalle d'Eysines River in the 300 summer and the fall is in agreement with the lower GSI observed in these fish. 301 14 In the contaminated sites, males displayed high proportions of testis at the spermatogonies 302 and spermatocytes stages in summer ( Figure 1C ). In the fall, they presented testis at the 303 spermatogonies or spermatocytes stages ( Figure 1D ). 304 Fish from all sites were also examined for the presence of intersex characteristics. Intersex 305 fish were found in only two sites: the Drôme (reference site) and the Rhône rivers. In the 306 summer in the Drôme River, 13% (2/15) of males were intersex with one male with more than 307 10 primary oocytes per slide and one male with only one primary oocyte in one slide. No 308 intersex fish were found in the Drôme River during fall. In the Rhône River, 9% (1/11) and 309 7% (1/15) of males were intersex in the summer and the fall respectively. All of them 310 presented more than 10 primary oocytes per slide. In the three other sites, no intersex fish 311 were found during either season. 312 313 EROD activity 314 Mean EROD activities measured in male and female chubs from the Drôme River were 315 comprised between 0.2 and 2.1 pmol/mg/min (Figure 2A (Figure 2A and B) . The induction factors were comprised between 4 (males from the 321 Jalle d'Eysine river) and 18.7 (females from the Jalle d'Eysine River). In fall, only males 322 from the Nonette River exhibited higher EROD activity than fish from the Drôme River 323 (Figure 2A) . No difference was noted for females during the fall. It is interesting to note that sites, mean VTG levels were not statistically different, but some males showed elevated 339 concentrations of VTG compared to males from the reference site that can reach 49 µg/ml, 340 corresponding to level of VTG found in females in control laboratory experiment (Figure 3) . 341 Nevertheless, these induced VTG concentrations measured from field chub are lower than 342 those measured in males exposed to 50 ng/L EE2 during 21 days (Table 3) . 343 344 Brain aromatase activity 345 In the reference site, high AA was measured in the brain of male and female fish without any 346 difference between sexes in the two seasons. This brain AA varied as maturity of the gonads 347 progresses (Figure 4) . In females, brain AA was higher during vitellogenesis as compared to 348 the primary oocytes stage. Despite the variations of AA in females according to the stage of 349 development of the gonads, no difference between seasons was observed in female brain AA 350 16 ( Figure 5 ). In males from the reference site, brain AA was higher in fish with testis full of 351 spermatozoids (only in summer) as compared to testis at the spermatogony/spermatocyte 352 stages (only in fall) (Figure 4) . As a result, a significant effect of the season was noted on 353 brain AA in males with higher AA in the summer than in the fall (Figure 5) . At the 354 contaminated sites, brain AA was inhibited in males from the Rhône and Jalle d'Eysines 355 rivers in the summer as compared to brain AA of males from the Drôme river ( Figure 5 ). 356 These brain AA inhibitions led to the suppression (Rhône river) or the inversion (Jalle Methodological developments 370 In this study, a specific homologous competitive chub-VTG ELISA assay and an aromatase 371 activity assay were first developed and used to assess the effect of a low concentration of 372 ethinylestradiol (EE2). As expected, exposure to 50 ng/L EE2 led to a tremendous VTG 373 synthesis in chub (about 10 4 induction factor). Cyprinid fish such as chub, roach or zebrafish 374 have previously been shown to be sensitive to estrogens exposure (Flammarion et al., 2000;  375 Brion et al., 2004; Lange et al., 2008; Zlabek et al., 2009) . In our study, VTG concentrations 376 in exposed males and females reached more than 1 mg/ml supporting similar results observed 377 for chub (Flammarion et al., 2000) . It is also interesting to note that the plasmatic VTG 378 concentrations measured in control males from the EE2 exposure experiment (2.1 µg/ml) 379 were clearly higher than those of males from reference sites (Drôme river in our study: 93. Field study 392 18 In this study, potential alterations of the endocrine system of wild chub were investigated by 393 using a multi-parametric approach including morphological parameters (length, weight, GSI, 394 gonad histology) and biochemical biomarkers (EROD, VTG, AA). We first looked at all these 395 parameters in fish from the Drôme River to confirm the reference status of this site.
396
The reference site 397 The Drôme River in Saillans was chosen as the reference site since it was located in a 398 relatively clean area. Previous studies on PCB and heavy metals concentrations in fish and in 399 sediments showed that the Drôme river is one of the least polluted French river (Flammarion 400 and Garric, 1997; Mazet et al., 2005) . 401 As expected, GSI of male and female chub were higher in the summer than in the fall. The intersex fish did not allow for discrimination between unpolluted and polluted sites. 413 Brain AA of males and females chub from the Drôme river were of the same order as brain 414 AA measured in other wild fish species such as perch and roach (Noaksson et al., 2001) and 415 bream (Hecker et al., 2007) . In our study, the brain AA fluctuated with the stage of maturity 416 of the gonads (histological examination). Indeed, brain AA of male and female increased with 417 19 maturation and when GSI increased during the reproductive period. Such fluctuations in brain 418 AA during the reproductive cycle were also observed in goldfish, sea bass, rainbow trout, 419 perch and roach suggesting an increase need of estrogens in the brain during reproduction 420 (Pasmanik and Callard, 1988; Noaksson et al., 2001; Gonzalez and Piferrer, 2003; Hinfray et 421 al., 2006a) . It has been suggested that AA (and production of estrogens) in the male brain 422 during the reproductive period could be associated with sexual behavior of fish (Schlinger et 423 al., 1999; Hallgren et al., 2006) . In males and females, brain AA may also be linked to the 424 secretion of gonadotropin hormones known to be involved in gonadal growth and maturation, 425 and spermiation/ovulation (Rosenfeld et al., 2007) . Nonetheless, these brain AA fluctuations 426 during the reproductive cycle should be kept in mind to determine the optimal time-point for 427 employing this parameter as a biomarker of endocrine disruption.
428
The contaminated sites 429 Among the contaminated sites of our study, the most impacted was the Jalle d'Eysines River. summer, as reflected by the lower GSI and the lower brain AA observed, compared to those 443 of males from the Drôme river. As previously shown for zebrafish and fathead minnow, 444 laboratory exposure to estrogenic substances lead to reduction in GSI and inhibition of gonad 445 development (Jobling et al., 1996; Miles-Richardson et al., 1999; Fenske et al., 2005) . Thus, 446 our results on VTG and gonads development are consistent with an estrogenic exposure of 447 fish in the Jalle d'Eysines River. 448 Given the up-regulation of brain AA by exposure to EE2 (Table 2) , an increase of brain AA 449 would have been expected in fish from the Jalle d'Eysines river. The absence of brain AA 450 increase might be due to xeno-estrogens concentrations in the surface water of the Jalle 451 d'Eysines River that are too low to induce brain AA. Nevertheless, all chub used for the 452 laboratory EE2 exposure were at early reproductive stages (primary oocyte and 453 spermatogonia stages) with basal brain AA lower than that of the chub caught during the 454 summer and the fall in the Jalle d'Eysines River, and thus probably allowing greater 455 inducibility of brain AA. Moreover, males caught in the summer in the Jalle d'Eysines River 456 exhibited lower brain AA than fish from the reference site. This is well in agreement with the 457 predominance of males at early stages of gonad development, for which brain AA are low 458 compared to later stages (Figure 4) . Indeed, when brain AA of males was classified according 459 to the gonad stage of development, no difference was observed between males from the Jalle 460 d'Eysines River and those from the reference site (data not shown). All these results indicate 461 that the inhibition of male brain AA in summer in the Jalle d'Eysines River reflects the arrest 462 of gonad development instead of a direct effect on the aromatase expression/activity, 463 demonstrating that brain AA perturbations could be indicative of a reproductive disorder. 464 In the Nonette and the Lez rivers, chub brain AA was not affected at any season. On the 465 contrary, brain AA of males caught in summer from the Rhône River was lower than those of 466 males from the Drôme River at the same season. However, only males exhibited lower brain 467 21 AA, not females. Compared to males from the Drôme River, a great proportion of males from 468 the Rhône River were at the spermatogonies or spermatocytes stages in summer, suggesting a 469 delay in testis maturation. Nevertheless, it should be noted that fish from the Rhône River 470 were caught mid-May while fish from the Drôme River were caught mid-June, thus 471 introducing a potential bias. As we have previously shown, brain AA was lower in males at 472 the spermatogonies and spermatocytes stages compared to that of males at the spermatozoids 473 stage. Even if the most likely explanation for having lower brain AA in males from the Rhône 474 river might be related to the testis maturation stage of these fish, the possibility that fish were sediments and their potential bioavailability to fish are not known. 483 Previous studies also showed in vivo perturbations of the endocrine system including 484 inhibitions of brain AA in wild fish living in contaminated areas. In Sweden, a great number 485 of wild female perch (Perca fluviatilis) exposed to effluents from a public refuse dump were 486 showed to be sexually immature and this was associated with an inhibition of brain AA, 487 decreased GSI and reduced levels of steroids (Noaksson et al., 2001) . Similar observations 488 were made in bream (Abramis brama) where fish exposed to various industrial effluents 489 (including (agro)chemical and petrochemical plants) presented inhibited brain AA, decreased 490 GSI, and lower VTG and steroids concentrations (Hecker et al., 2007) . In our study, some contamination level due to interfering effects of AhR agonists also present at this site. 511 Previous field studies in France mainly focused on VTG as marker of endocrine disruption 512 (Flammarion et al., 2000; Sanchez et al., 2008 ). However, evidence shows that several 513 chemicals (alone or in mixture) can act at multiple targets to disrupt physiological functions in 514 fish. Indeed, in fish from the Jalle d'Eysines River, we showed at the same time perturbations 515 of plasmatic VTG synthesis, of in vivo brain AA and alterations of gonads development. 516 Considering the complex exposure scenario in field studies it seems difficult to assess 517 23 endocrine perturbations with a unique biomarker. Thus, more comprehensive 518 molecular/biochemical approaches are needed to identify pathways of endocrine disruption. This study provides evidence of endocrine disruption in fish from French rivers. The 523 biomarkers used in our study allowed for the detection of perturbations in diverse tissues 524 (liver, brain, gonads) and of EDCs in sediments. In the four contaminated sites, at least one 525 biomarker was disturbed, suggesting the contamination of fish and/or sediments and 526 underlining the importance of assessing effects on different physiological targets. However, it 527 remains to determine which substances are responsible for the effects observed. For that 528 purpose, a combination of biotesting, fractionation procedures and chemical analytical 529 methods, also named Effect Directed Analysis, could be used (Brack, 2003) . Moreover, 530 aromatase proved to be a promising biomarker of endocrine disruption in field studies, by 531 combining in vitro and in vivo measurements to detect contamination by aromatase inhibiting 532 substances in sediments and fish. Finally, it could be interesting to use this multiparametric 533 approach to assess endocrine disruption in a larger number of sites. 534 535
